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INTRODUCTION
A 100-m high stack supported by guy wires at four levels (see Fig. 1 ) was susceptible to large-amplitude oscillations, and some of the guy wires at the lower two levels had been damaged when wind speed exceeded 15 m/s (54 h / h ) for a period of time. The excitation mechanism was identified through scoping calculations, analytical prediction with a finiteelement code, and observation of the stacWwire response [ 1-21.
The dimensional parameters and material properties of the system shown in Fig. 1 111, referred to as the original system, are summarized in Table 1 . The damping ratios for the stack . 2 and wires are assumed to be a few percen The Young's modulus of helically woven guy wire is assumed to be 6.2 x 1Olo -10.3 x 1Olo N/m* [3] .
The objective of this paper is to derive a coupled nonlinear dynamic model of the windinduced vibration of the stack based on an unsteady-flow theory, and the heavy elastic suspended cable whose upper end is subject to bending vibration of the stack. Numerical analysis of the coupled system presents the effect of fluidstructure interaction and cable parameters on parametric and external resonances of cables.
LOCK-IN RESONANCE OF STACK
Vortex shedding across a bluff body has been studied for more than 100 years. Many reviews on this subject are available [4-81. A fluidstructure system with wind-induced vibration of a stack can be described by an unsteady-flow theory [9] . Once fluid excitation forces and motion-dependent fluid forces are known, the response of the stack with vortex-sheddinginduced vibration can be predicted. The stack is subjected to a crossflow wind uniformly along its length e,. The equation of motion in the lift direction is
where w(z,t) is the displacement of the stack in the lift direction, D is the stack diameter, U is the wind speed, p is the air density, E1 is the flexural rigidity, C is the stack damping coefficient, ms is the stack mass per unit length, E is the fluctuating lift coefficient, and w, (= 2 x S U D ) is the circular frequency of vortex shedding. a, a', and a'' are the added-mass, fluid-damping, and fluid-stiffness coefficients, respectively.
experimental data [ 10-1 11.
All of the fluid force coefficients are based on
where Wn(z) is the n-th normal mode, f is the oscillation frequency, and U, is reduced wind speed. Substituting Eqs. 2 in EQ. 1, yields
Note that o and l , are the circular frequency and modal damping ratio, respectively, for the stack in crosswind flow. CM is called an added mass coefficient; when Ur = 0, it is equal to a When U, f 0, CM depends on both Ur and a", which in turn, depends on Ur and the stack oscillation amplitude. ov and cv are the in-vacuum natural frequency and modal damping ratio, respectively [lo] .
When guy wires were modeled as springs and the stack was modeled as a Bernoulli-Euler beam with the lower end fixed and the top end free, the first four modes of all models of the stack were analyzed with the finite-element code MSC-PAL, because the previous study [ 11 showed that coupling between the stack and guy wires is important only for low-frequency modes. The natural frequencies and natural modes of the stack are given in Fig It is noted that for the third mode, lock-in resonance occurs at U = 15 m/s, and point 2 (45.7 m) associated with the second-level guy wire has the largest oscillating amplitude. From this observation, the vibration mode was about the same as the mode shape of the third mode ( Fig.   2c ). Because the upper portion of the stack had spoilers and the lower portion did not, this particular mode was vulnerable to vortex-shedding-induced resonance due to a large participation factor associated with vortex shedding [l] . From the calculation (Fig. 3 ) and the observation, we concluded that the stack vibration was excited by vortex shedding at the lower portion associated with the third mode of the stack. Consider the original system in Fig. 1 : the guy wires can be described as heavy elastic cables suspended between two supports in an angled configuration (see Fig. 4 ). The lower end of the cable is fixed to the ground and the upper end is pin-supported and movable horizontally to simulate the bending motion of the stack due to vortex shedding. Thus, the motion components at the support at the upper end in both axial and transverse directions of the cable u and v are where 4 is the distance between the two supports of the cables and a is the angle between the cable and the ground; w is the stack motions at the upper end of cables and can be calculated from Eqs. 2 and 3. Subscript k represents the levels of wires.
PARAMETRIC RESONANCE OF GUY WIRES
The initial static equilibrium configuration CI in Fig. 4 lies in the OXY plane and is represented by the function y(s), s being a curvilinear abscissa. Let E, H, A, and mc be the elastic modulus, the tension, the cross-sectional area, and the mass per unit length of the cable, respectively. The vaned configuration C V can be described by the displacement coordinate u(x,t) and v(x,t) [2] .
The dimensionless static equilibrium configuration of the cable can be derived easily:
wherep-,mcgl .
Let

EA
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H '
and n = 1,2,3 ,...,
where O, is the frequency and {n is the damping ratio of the cable in the n-th mode. Let In the original stacuwire system, the dominant frequency of the stack oscillation was the third mode [ 13. It was about twice the natural frequency of the wires when wire tensions were within certain ranges; this made parametric resonance possible. Corresponding to the third mode of the stack, the bending displacement amplitudes are very small at the two upper levels (Fig. 1) .
At the two lower levels, the displacement amplitudes reach =25-50 mm. From Adjusting cable tension to certain values, which will change the natural frequency of the cables, may eliminate parametric resonance of the cables. Even if resonance is not completely eliminated, however, the vibration amplitudes of the wires are expected to be much smaller.
Installation of damping ropes on the wires will further reduce wire vibration. -. 
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